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ABSTRACT
Aircraft structures experience various kinds of loads over their entire lifetime, leading to fatigue and
ultimately structural failure. In order to avoid structural failures during operation, the maximum num-
ber of flight cycles and flight hours is regulated by laws ensuring continued airworthiness. However,
since every flight impacts the aircraft differently, not all airframes have been equally stressed at the
time of decommissioning. Therefore, a new retirement criterion based on the fatigue damage index
(FDI) is proposed. The criterion takes into account that aircraft are differently operated and thus en-
ables an individual decommissioning of aircraft without compromising its safety. Based on aircraft
sample data covering 95% of the Airbus A320 fleet over two years, the enhanced decommissioning
criterion is estimated to significantly extend the average aircraft service life. The impact varies within
the fleet, depending on the experienced seat load factors, cruise altitudes, and taxi times considered for
the individual aircraft during operation. While seat load factors and flight altitudes significantly affect
the defined FDI, the influence of taxi times is only minor. Based on the estimated increase in aircraft
service life, the paper at hand motivates that for service life extensions, the FDI shall be considered
as the limit of validity in the regulatory framework governing the decommissioning of aircraft.
1. Introduction and Motivation
Airlines are faced with severe competition because they
are the least profitable segment in the commercial aviation
industry [1]. Improving productivity is therefore key to fi-
nancial success. In this regard, airlines can be challenged by
a limited aircraft lifetime [2]. Regulatory guidelines set by
the manufacturer and aviation authorities prohibit the oper-
ation of airframes exceeding a predefined number of flight
cycles and flight hours, regardless of the actual structural
condition. As a consequence, replacement aircraft are re-
quired to continue service while at the same time, the market
value of decommissioned aircraft is reduced to scrap value.
Therefore, the work at hand argues for a Fatigue Damage
Index (FDI) to predict the necessity of aircraft decommis-
sioning, advancing current regulations based on flight cy-
cles and flight hours, without decreasing the level of safety.
Utilizing available data, the resulting increase in aircraft life-
time through a better representation of operational usage and
fatigue mechanisms is estimated at fleet level. A brief in-
troduction into the background of limited aircraft operating
lifetimes and existing approaches to extend service goals is
provided in the following sections. Subsequently, Chapter 2
describes the utilized data sets and approximations used in
the work at hand. In Chapter 3, the computation of the FDI
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and its dependencies are explained. The resulting gain in air-
craft lifetime, given in flight cycles and flight hours available
at fleet level, is presented in Chapter 4. Following a discus-
sion of the results in Chapter 5, the work is summarized in
Chapter 6.
1.1. Motivation for Limited Aircraft Operating
Lifetime
On April 28, 1988, widespread fatigue and corrosion
damage led to a structural failure and explosive decompres-
sion on Aloha Airlines flight 243 [3]. In the aftermath, fa-
tigue of agingmetallic airframes, more specificallyWidespread
Fatigue Damage (WFD) was identified among the primary
causes of this accident [4]. Since then, various âĂĲactions
have been taken to ensure the continued structural airworthi-
ness of the aging commercial transport aircraft fleetâĂİ [5].
To better address the decrease in ultimate strength of aging
aircraft, a limit of validity for fatigue management programs
of all future airplanes, based on full-scale fatigue testing, was
established and incorporated into regulatory frameworks [6].
This approach has been adopted by the Federal Aviation Ad-
ministration (FAA) with 14 CFR Âğ 129.115âĂŤâĂĲLimit
of validityâĂİ and the EuropeanUnionAviation SafetyAgency
(EASA) with CS 25.571. The limit of validity for full-scale
fatigue test data representing fatigue mechanisms must be
defined in terms of flight cycles and flight hours for each air-
craft type.
1.2. Approaches Extending Aircraft Service Goals
Considering that introducing predefined operating limits
or service goals prohibit the use of aging aircraft that may
still generate profits, multiple lifetime extension approaches
are discussed in the literature and exist in practice. The limit
of validity is based on the initial full-scale fatigue test of
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the airframe. Additional tests covering the extended oper-
ating period may be performed to extend the limit of valid-
ity. However, full-scale fatigue tests are expensive andWFD
is only limited to a known set of components, rather than
the entire airframe [4, 5]. Therefore, local structural health
monitoring by means of dedicated sensors provide a tool
for continuously monitoring an area of interest, mitigating
the risks connected to fatigue and thus enable extended ser-
vice goals [7]. This approach can already be found in prac-
tice. Amabile and Giacobbe (1991) converted strains mea-
sured by strain gauges applied to the AMX trainer aircraft
to stress histories used to obtain load sequences [8]. These
sequences are analyzed and synthesized using a rainflow cy-
cle counting procedure [9]. Moreover, the Eurofighter Ty-
phoon is equipped with a loads monitoring system that also
considers strain gauge data [10, 11]. Recordings of strain se-
quences at discrete locations can be incorporated into a loads
model obtainable through extensive FE analysis, which al-
lows stresses and strains at any location in the structure to
be estimated. However, these load models are still rarely
used directly for health monitoring since they are expen-
sive to obtain and update [9]. Further, monitoring system
weight increases fuel burn and thus decreases the benefit
of lifetime extensions, possibly to a point where costs sur-
pass the benefits [7]. Alternatively, this drawback can be
avoided by deriving the state of structural fatigue from avail-
able operational aircraft data. Thus, the limit of validity
can be increased by improving the representation of fatigue
while avoiding additional weight and costs. Co-opting sen-
sors built into the aircraft for the purpose of operational load
monitoring is advantageous because neither overall reliabil-
ity nor complexity of the aircraft is negatively affected by
additional sensors to be built in [9]. The health monitor-
ing system for the Panavia Tornado was introduced as early
as 1987 and 1988 by Bauer and Krauss, where they pre-
sented an exceedance monitoring with hard landing detec-
tion, speed exceedance, over-G and engine surge [12, 13]. A
similar sensor-based approach with hard landing detection
and limit load exceedance was implemented for the Airbus
A320 [14]. In contrast, this paper argues for a method to
compute the fatigue damage state of an aircraft by compar-
ing actual loads to design loads using available information
about its operation.
1.3. Proposing a Fatigue Damage Index as
Aircraft Service Goal
To increase the usable time of airframes, a shift from lim-
its given in flight cycles and flight hours to a FDI is proposed.
The representation of structural health can be expanded by
additionally considering individual fatigue drivers rather than
only relying on the number of flight cycles and flight hours
alone, to better evaluate the operational environment and his-
tory of each individual aircraft. Combining this knowledge
in an FDI enables an intuitive representation of the degree
of structural fatigue and thus remaining useful lifetime. In
the work at hand, the plausibility of this approach is demon-
strated and the potential of increased aircraft service life-
times estimated. Therefore, an approach to calculate the FDI
for both the wing and fuselage is introduced based on previ-
ous work described in the literature. The impact of current
and proposed decommissioning criteria on aircraft lifetimes
is evaluated using sample data of Airbus A320 fleet move-
ments. Parameters required for the computation of the FDI
not contained in the available sample data, including flight
altitude and aircraft weight, are estimated using simplified
models.
2. Data Set and Approximations
Considered Airbus A320 fleet operations are based on
ADS-B data provided by Flightradar24. A total number of
7,9512 aircraft were covered over a period of 797 days be-
tween September 23, 2017 andNovember 29, 2019, amount-
ing to a total of 16,625,103 flights. The data set contains an
average number of 2.62 flights per aircraft and day, thus cov-
ering only a fraction of all flights. The usage behavior of the
fleet is thus extrapolated, assuming that the available data is
representative for every individual aircraft. The payload on
each flight is approximated by the average seat load factor on
a specific origin-destination pair for a single airline, based on
leg data provided by Sabre. The average taxi time is consid-
ered by continent based on data made available by Eurocon-
trol. Available usage data is replicated until the aircraft is
retired, assuming unchanged usage behavior over the entire
aircraft lifetime. Selected operational characteristics of the
entire fleet are provided in Fig. 1. Properties of the aircraft
considered in this work are summarized in Table 1. Differ-
ences between variants and versions are neglected. Within
the scope of this work, the actual takeoff weight and top of
descent on each flight is not available and thus approximated
as follows:
Table 1
Assumed Airbus A320 performance characteristics [16,
17].
Performance characteristics Size
Additional fuel reserve [푊퐹푢푒푙,푟푒푠] 2,500 kg
Cruise speed at FL 390 [푀푐] 0.79
Fuel consumption during taxi [퐹푇 푎푥푖] 0,1 kg/s
Fuel reserve factor [퐹퐹푢푒푙,푟푒푠] 1.05
Gravity constant [푔] 9.81 m/푠2
Lift-to-drag ratio [ 퐿
퐷
] 15
Maximum payload [푊푃퐿,푚푎푥] 16,600 kg
Maximum takeoff weight (MTOW) [푊푀푇푂푊 ]73,500 kg
Maximum weight of fuel [푊퐹푢푒푙,푚푎푥] 20,000 kg
Minimum payload (Crew, e.gâĂę.) [푊푚푖푠푐] 600 kg
Minimum weight of fuel [푊퐹푢푒푙,푝푟표푝,푚푖푛] 5,000 kg
Number of seats [푁푆푒푎푡푠] 160
Operating empty weight [푊푂퐸푊 ] 42,200 kg
Seat Load factor (푁푆푒푎푡푠,표푐푐푢푝푖푒푑) [퐿퐹 ] 0 − 100%
Specific fuel consumption [푆퐹퐶푐푟푢푖푠푒] 16.88 푔∕푘푁 ⋅ 푠
Speed of sound at FL 390 [푎] 295 m/s
Weight per passenger [푊푃퐴푋 ] 100 kg
2On July 25, 2019, a total of 8,316 Airbus A320 were operational [15].
Simon Pfingstl & Dominik Steinweg et al.: Preprint submitted to Structural Health Monitoring Page 2 of 9
On the Potential of Extending Aircraft Service Time Using a Fatigue Damage Index
0
500000
1000000
1500000
2000000
0 100 200 300 400 500
Flight time [min]
Fr
eq
ue
nc
y 
[−]
(a)
0e+00
1e+06
2e+06
3e+06
4e+06
0 25 50 75 100
Seat load factor [%]
Fr
eq
ue
nc
y 
[−]
(b)
0
500000
1000000
1500000
2000000
0 2000 4000 6000
Distance [km]
Fr
eq
ue
nc
y 
[−]
(c)
Figure 1: Average flight time (a), seat load factor (b) and flight distance (c) in considered Airbus A320 fleet.
2.1. Takeoff Weight
Fuel weight and consequently takeoffweight on each flight
is calculated as follows:
푊푇 푎푥푖퐹푢푒푙,푑푒푠푡 = 푇푇 푎푥푖,푑푒푠푡 ⋅ 퐹푇 푎푥푖, (1)
where 푇푇 푎푥푖,푑푒푠푡 is the required taxi time at the desti-nation and 푊푇 푎푥푖퐹푢푒푙,푑푒푠푡 the weight of fuel required at thedestination for taxiing. The resulting aircraft takeoff weight
without fuel for propulsion can be calculated by
푊푇푂푊푤∕표퐹푢푒푙 =푊푂퐸푊 +푊푚푖푠푐
+ 퐿퐹 ⋅푁푆푒푎푡푠 ⋅푊푃푎푥
+푊푇 푎푥푖퐹푢푒푙,푑푒푠푡
(2)
The weight of required fuel for the cruise flight is derived
by using the Breguet range equation. To approximate the
total fuel weight, a reserve푊퐹푢푒푙,푟푒푠 is considered to accountfor the planning of an alternate airport. Further, the total
weight of fuel is increased by a factor 퐹퐹푢푒푙,푟푒푠 to considerthe required fuel for take-off and holding patterns.
푊퐹푢푒푙,푝푟표푝 =
(
푊푇푂푊푤∕표퐹푢푒푙 +푊퐹푢푒푙,푟푒푠
)
⋅ exp
⎛⎜⎜⎝
푑푓푙푖푔ℎ푡
푎⋅푀푐
⋅ 푔 ⋅ 푆퐹퐶푐푟푢푖푠푒
퐿
퐷
− 1
⎞⎟⎟⎠
⋅ 퐹퐹푢푒푙,푟푒푠
(3)
Additionally, airline procedures require fuel at least equal
or exceeding a predefined minimum 푊퐹푢푒푙,푝푟표푝,푚푖푛 on take-off, considered by
푊퐹푢푒푙,푝푟표푝 = 푚푎푥
(
푊퐹푢푒푙,푝푟표푝,푊퐹푢푒푙,푝푟표푝,푚푖푛
)
. (4)
In the work at hand, 푊퐹푢푒푙,푝푟표푝,푚푖푛 is considered equalfor all airlines. Further, the weight of the aircraft on takeoff
is limited by the MTOW set by the manufacturer
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Figure 2: Considered takeoff weight over flight distance shown
for selected seat load factors.
푊푇푂푊 ,푇 표푡푎푙 = 푚푖푛
(
푊푇푂푊푤∕표퐹푢푒푙 +푊퐹푢푒푙,푝푟표푝,푊푀푇푂푊
)
.
(5)
The aim of this approach is to provide a fair proxy of the
fuel weight in practice rather than calculate the exact fuel
consumption during flight. The consequent takeoff weight
over flight distance for varying seat load factors is illustrated
in Fig. 2.
2.2. Maximum Altitude
The maximum altitude of every flight is based on the air-
craft performance considered by Eurocontrol, summarized
in Table 2. Depending on the distance between origin and
destination, the aircraft climbs to the highest attainable flight
level, neglecting the semicircular separation rule. The re-
sulting maximum altitude over distance is given in Fig. 3.
3. Fatigue Damage Index
In order to account for different fatigue drivers and to ap-
proximate the remaining useful life of the airframe, standard
fatigue life equations are applied. Since the load spectrum
during a flight does not occur with a fixed stress ratio 푅, an
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Table 2
Considered Aircraft Performance [18].
Flight Phase Rate of Climb Speed
Initial climb 2500 ft/min IAS 175 kts
Climb to FL 150 2000 ft/min IAS 290 kts
Climb to FL 240 1400 ft/min IAS 290 kts
MACH climb to FL 390 1000 ft/min MACH 0.78
Cruise 0 ft/min MACH 0.79
Initial descent to FL 240 1000 ft/min MACH 0.78
Descent to FL 100 3500 ft/min IAS 290 kt
Approach 1500 ft/min IAS 250 kt
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Figure 3: Maximum flight altitude assumed for a given flight
distance.
approximation of the Haigh diagram [19] is used in order to
map the load spectrum to an equivalent load spectrum with
푅 = −1 (see Eq. 6-9). The stress amplitude 푆푎,푅=−1 for
푅 = −1 is therefore dependent on the mean stress 푆푚, theamplitude stress 푆푎 for a known 푅 ≠ −1, and the materialconstant 푀휎 . Subsections 3.1. and 3.2. describe the com-putation of 푆푚 and 푆푎.
for 푅 > 1:
푆푎,푅=−1 = 푆푎(1 −푀휎)
(6)
for −∞ ≤ 푅 ≤ 0:
푆푎,푅=−1 = 푆푎(1 +푀휎
푆푚
푆푎
) (7)
for 0 < 푅 < 0.5:
푆푎,푅=−1 = 푆푎
(1+푀휎 )(3+푀휎
푆푚
푆푎
)
3+푀휎
(8)
for 푅 > 0.5:
푆푎,푅=−1 = 푆푎
3(1+푀휎 )2
3+푀휎
(9)
After computing the stress amplitude for 푅 = −1, the
FDI, which describes the remaining useful life by a factor
between 0 and 1 (where FDI = 1 indicates no remaining
useful life) can be evaluated by the corresponding S-N curve
andMinerâĂŹs rule (Eq. 10). MinerâĂŹs rule [20] assumes
that the fatigue damage of different stress amplitudes accu-
mulates linearly, where the fatigue damage is the ratio of the
number of cycles of the applied load 푛푖 to the number of cy-cles 푁푖, which can be withstood by the structure accordingto the S-N curve.
FDI =∑
푖
푛푖
푁푖
(10)
To consider the different fatigue drivers, the aircraft is
divided into twomain structural parts: the wing and the fuse-
lage. Within the work at hand, taxi time, payload, maximum
flight altitude, and flight time are considered causes for fa-
tigue damages. For both thewing and fuselage the aluminum
Al 2024-T3 with푀휎 = 0.4 [21] is assumed. Moreover, thecorresponding S-N curve (Eq. 11) with a stress concentra-
tion factor of 퐾푡 = 2.5, which is usually found at holes,is used (S-N parameters: 퐶1 = 63MPa; 퐶2 = 470MPa;
퐶3 = 3.50; 퐶4 = 2.07) [22].
푁푖 = 10
퐶3
[
푙푛
(
퐶2−퐶1
푆푎,푖−퐶1
)]1∕퐶4
(11)
3.1. Fatigue Damage Index of the Wing
In order to compute the FDI of the wing, the stress am-
plitudes and the mean stresses during flight have to be eval-
uated. The Transport Wing Standard (TWIST) shown in
Fig. 4 depicts the frequency distribution of the bending mo-
ment at a wing root of civil and military transport aircraft for
40,000 flights [23]. The TWIST was generated using mea-
surements and computations and is divided into three parts:
loads during flight, loads on the ground (due to taxi), and
ground-to-air loads.
First, the fatigue life based on the design loads can be
computed with Eq. 6-11. The TWIST stresses are related to
the mean stress, which is assumed to be 100MPa for the de-
sign loads at amaximum takeoffweight (MTOW)푊푀푇푂푊 =
73.5 t, maximumpayload푊푃퐿,푚푎푥 = 16.6 t, operating emptyweight푊푂퐸푊 = 42.2 t, andmaximum fuel weight푊푓푢푒푙,푚푎푥 =
20 t for an Airbus A320 [16]. The corresponding numbers
of cycles are shown in Fig. 4. Furthermore, the design flight
time is set to 퐹퐻푑푒푠 = 2 h [16], and the design taxi time to
푇푡푎푥푖,푡표푡푎푙,푑푒푠 = 25min [18]. These times are assumed to leadto the numbers of cycles presented by the TWIST. Consid-
ering the taxi time rather than distance allows for a straight-
forward computation of fuel burn and weight changes dur-
ing taxiing and further takes airport congestion into account.
Due to the exploratory nature of the study, taxi distances and
taxiway conditions, both leading to an airframe excitement
and thus fatigue, are neglected.
Second, since both the takeoff weight푊푇푂푊 (herein es-timated through the aircraft seat load factor and fuel weight)
and the flight time are known, relative changes can be taken
into account for the fatigue computation. The paper at hand
assumes following linear dependencies: The mean stress is
linearly dependent on the aircraft weight, the number of cy-
cles during flight is linearly dependent on the flight hours,
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and the number of cycles on the ground are reduced in pro-
portion to the reduction of the taxi time. Now, the difference
in the fatigue life represented by the change of the FDI due
to monitoring can be evaluated.
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Figure 4: Transport Wing Standard for 40,000 flights based
on [23].
3.2. Fatigue Damage Index of the Fuselage
The stresses in the fuselage result mostly from the dif-
ference between inner and outer pressure. Due to lift forces
of the wing, the fuselage is also subjected to bending loads.
However, in the present study, this influence is neglected.
Therefore, the tangential stress 푆푡푎푛 and axial stress 푆푎푥푖푎푙present in the fuselage can be modeled by BarlowâĂŹs for-
mula (see Eq. 12) with the differential pressure Δ푝, average
of the fuselage diameter 푑푚, and sheet thickness 푡. Since thetangential stress is twice as great as the axial stress, only the
tangential stress is considered in the following. The thick-
ness is set to 푡 = 1.0mm and according to [16] the fuselage
diameter is 푑푚 = 4.14m.
푆푡푎푛 =
푝 푑푚
2 푡
, 푆푎푥푖푎푙 =
푝 푑푚
4 푡
(12)
The differential pressure is mostly affected by the highest
altitude reached on an individual flight. In the work at hand,
this altitude is assumed to be only dependent on the distance
between origin and destination as illustrated in Fig. 3. The
dependency is modeled in Eq. 13, where 푝0 = 1013.25 hPais the pressure at sea level, 퐻0 = 8, 435m, and 퐻 is theflight altitude.
푝 = 푝0
(
1 − 푒−
퐻
퐻0
)
(13)
According to [16], the maximum design flight altitude is
set to 퐻푚푎푥,푑푒푠 = 39, 100 ft. Given that the pressure resultsin a pure swelling load with 푅 = 0, the mean stress 푆푚 andthe amplitude stress 푆푎 can be computed as (Eq. 14):
푆푚 = 푆푎 =
푆푡푎푛
2
(14)
Now the fuselage FDI corresponding to the design pa-
rameters can be computed with Eq. 6-11. Since the actual
flight altitude is known, it can be taken into account and the
change of the FDI due to monitoring can be computed.
3.3. Dependencies of the Fatigue Damage Index
To clarify the dependencies of the FDI, Fig. 5 illus-
trates the influences of its parameters. In all diagrams of Fig.
5a, only a single parameter is changed, ceteris paribus. The
wing FDI shows a strong dependency on the seat load factor.
Due to a larger mass, the mean stress intensifies, increasing
the FDI. In contrast, the fuselage is not affected by the seat
load factor since its FDI is completely driven by the flight
altitude based on previously mentioned assumptions. The
fuselage FDI is also independent of the taxi time, whereas
the wing FDI shows a minor dependency on it because the
taxi load’s mean stress is negative and the amplitude stress is
rather small (see Fig. 4). Furthermore, the wing FDI is as-
sumed to be independent of the flight altitude, whereas the
fuselage FDI shows a strong dependency on it.
Moreover, the influence of the flight distance is visual-
ized in Fig. 5b, assuming that a single aircraft has been op-
erated on a single flight distance for its entire life until the
Extended Service Goal (ESG). As a result of limiting flight
cycles and flight hours at predefined values, it can be seen
that a longer flight distance than the considered average in
the ESG leads to fewer flight cycles until decommissioning
and therefore to smaller FDIs. Likewise, a shorter flight dis-
tance results in decreased weight of fuel and flight hours.
Accumulating these shorter flights over the aircraft lifetime
until the service goal is reached reduces the fatigue indices of
both the wing through less weight and the fuselage through
lower flight altitudes.
4. Results
For this study, four scenarios are considered for the Air-
bus A320 fleet: First, the FDI is evaluated until the aircraft
has to be retired due to the Design Service Goal (DSG) at
48,000 flight cycles and 60,000 flight hours (gray points,
Fig. 7). Second, the fleet is retired at the ESG of 60,000
flight cycles and 120,000 flight hours (black points, Fig. 7).
Third, the fleet is operated until every aircraft reaches the
FDI equaling that of an aircraft operated until DSG under
design loads (bright red points, Fig. 7). And fourth, every
aircraft is operated until its FDI reaches a level correspond-
ing to design loads at ESG (dark red points, Fig. 7). The
FDI is computed for both the wing and the fuselage for a to-
tal of 7,951 aircraft and is set equal to 100% for an aircraft
operated at design loads until the ESG (assuming an average
flight time of 2 h with a seat load factor of 100%, taxi time
of 25 min and maximum flight altitude of 39,000 ft).
The results shown in the following figures indicate the
impact of the FDI for the Airbus A320 fleet by taking al-
ready monitored data into account. Moreover, each figure
points out the extended life based on the FDI. Fig. 7 shows
the computed FDIs for different parameters. The gray and
black points indicate the FDIs of an aircraft at the time of
retirement due to the limit of validity given in flight cycles
and flight hours for DSG and ESG, respectively. However,
based on the proposed FDI, the aircraft could have been used
longer as indicated by the gaps between the gray and bright
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Figure 5: Evolution of the FDI (a), and influence of flight distance (b) for an A320 at ESG.
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Figure 6: Computed lifetime of an average aircraft.
red points and the black and dark red points. The bright and
dark red points indicate the retirement of aircraft based on
the FDIs for theDSG (FDI퐷푆퐺 = 1) and the ESG (FDI퐸푆퐺 =
1), respectively. The histograms at the edges of the diagram
visualize the distributions of retirement.
Fig. 7a shows the FDIs based on the design loads. For
the DSG, the large bright red peak in the histogram based on
the wing FDI indicates that aircraft are retired almost only
because of the wing. This is due to the fact that on average,
aircraft fly longer than the 1.25 h per flight of the DSG. This
problem was improved by introducing the ESG indicated by
the dark red bars. In this case, aircraft are retired based on
criticality of both indices. Comparing this to Fig. 7b, where
the monitored taxi time is considered, no significant change
can be seen. As explained in Section 3.3, this is because the
taxi load’s mean stress is negative and the amplitude stress is
rather small. Fig. 7c visualizes the FDIs for considering the
maximum flight altitude. This increases the effect shown in
Fig. 7a since the considered lower flight altitude results in
smaller differential pressure and therefore in a smaller fuse-
lage FDI. Last, monitoring the seat load factor considers the
known (usually lower) mean stress of the wing and there-
fore leads to a smaller wing FDI (see Fig. 7d). Aircraft
are therefore retired primarily because of the fuselage, in-
dicated by the peak of the red histograms. Fig. 7e and 7f
show the fatigue indices considering the seat load factor and
the flight altitude. In the latter figure, the taxi time is addi-
tionally taken into account. However, the comparison shows
again that there is no significant change due to the taxi time.
Fig. 6 and Table 3 show the lifetime of an average air-
craft in flight cycles and flight hours, where the black bars
indicate decommission at the Airbus service goal. Using
the FDI as the retirement criterion significantly increases the
lifetime of an aircraft. This effect is increased by taking the
available data into account. The comparison between both
Airbus service goals shows that the relative extended life-
time based on the FDI is lower in case of the ESG. How-
ever, this can be seen as a plausibility check of the applied
method since this emphasizes that an aircraft structure can
endure longer than the DSG initially allowed. Still, by us-
ing an FDI that takes the maximum flight altitude and seat
load factor into account, aircraft to be decommissioned at
ESG could be operated on average 13,941.90 flight cycles
and 32,236.62 flight hours longer.
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Figure 7: Computed FDIs at fleet level. The scatter plots show the FDIs of aircraft at end of life using different decommissioning
criteria. While the gray and black points represent the FDI of aircraft subjected to current decommissioning regulation based on
flight cycles and flight hours, the light and dark red points illustrate the FDI of aircraft decommissioned using a criterion based
on the FDI itself. All computed FDIs are based on flight cycles, flight hours, and flight distance. This baseline is shown in (a).
Additionally considered fatigue drivers are considered as follows: In (b), taxi times. In (c), maximum flight altitude. In (d), seat
load factor. In (e), seat load factor and maximum flight altitude. In (f), seat load factor, maximum flight altitude, and taxi time.
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Table 3
Average aircraft lifetime in flight cycles and flight hours depending on the prevailing de-
comissioning criterium.
Certification
Limit
Decommissioning
criterium
Average FC
at decommissioning
Average FH
at decommissioning
ESG Airbus Service Goal 52384.65 113478.24
DSG Airbus Service Goal 28285.31 59948.69
ESG Fatigue Index 57201.84 126265.05
ESG Fatigue Index + Load Factor 59373.25 132971.49
ESG Fatigue Index + Load Factor and Maximum Flight Altitude 66326.55 145714.86
ESG Fatigue Index + Load Factor, Maximum Flight Altitude and Taxi Time 66328.59 145721.50
ESG Fatigue Index + Maximum Flight Altitude 61735.47 134115.88
ESG Fatigue Index + Taxi Time 57207.81 126282.79
DSG Fatigue Index 39612.18 85845.49
DSG Fatigue Index + Load Factor 46119.38 102004.07
DSG Fatigue Index + Load Factor and Maximum Flight Altitude 50719.62 110178.72
DSG Fatigue Index + Load Factor, Maximum Flight Altitude and Taxi Time 50727.84 110196.88
DSG Fatigue Index + Maximum Flight Altitude 39754.03 86034.98
DSG Fatigue Index + Taxi Time 39640.30 85900.84
5. Discussion
It is demonstrated that the usable lifetime of the Airbus
A320 can be increased significantly without expensive fa-
tigue tests or additional monitoring equipment. The study
relies on readily available databases as well as existing ap-
proaches described in literature. Additional assumptions such
as the mean stress of a wing root, the materials and their
corresponding S-N curves or the sheet thickness are made.
Therefore, the computed values are uncertain. Furthermore,
the S-N curve describes the lifetime in a probabilistic man-
ner. The number of flights until failure is therefore uncertain,
which is not considered in this study. However, this paper
makes it plausible that the proposed decommissioning crite-
rion can extend the lifetime of aircraft.
Nevertheless, more accurate data accessible by airlines
and manufacturers can improve the quality of the results.
Therefore, the proposed method shall not be an exact com-
putation of the fatigue life of aircraft rather than providing
a motivation to reconsider the current definition of the limit
of validity. In this line, it shall motivate improved guide-
lines that consider the individual usage history of aircraft
in greater detail, enabling increased service goals and im-
proved maintenance efficiency.
Moreover, all aircraft are considered to be equal with re-
spect to variants and versions. Aircraft weight may be in-
fluenced if two or three seat classes are available, which has
an impact on the weight and thus fatigue damage. However,
this example emphasizes that the proposed method is easily
extendable considering additional factors of influence. Also,
fatigue damage computations depend on the materials used
and on the design modifications, usually occurring through-
out the production of an aircraft. Therefore, the computation
of the FDI is specific to each version of the aircraft.
6. Summary
In the work at hand, a new aircraft retirement criterion
based on the FDI is suggested and evaluated on fleet level.
It represents a shift of the retirement criterion from flight
cycles and flight hours to an Index-based criterion. The pro-
posed index considers operational usage parameters already
being monitored today, including, but not limited to, top of
descent, seat load factor and taxi times, to enable increased
aircraft service times. It is found that not all operational pa-
rameters affect the proposed FDI equally, with taxi times be-
ing a minor driver of fatigue. By using the FDI retirement
criterion, it is possible to compare design loads with actually
experienced loads of an aircraft during operation resulting
in significant lifetime extensions. Given the DSG, the use
of the FDI can increase the aircraft usage by an average of
79% in flight cycles and 83% in flight hours. For the ESG,
average lifetime increases of 26% in flight cycles and 28% in
flight hours are found. In summary, the usage of an FDI en-
ables a more customized aircraft decommissioning decision,
without changing the aircraft, impacting its required level of
safety and introducing new monitoring equipment.
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